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Introduction
Over the past decade, significant progress has been achieved in functionalizing III-V semiconductors to emit, manage, and detect light for laser and photonic applications. Some III-V compounds, notably gallium arsenide (GaAs), gallium phosphide (GaP) and indium phosphide (InP), exhibit outstanding quadratic nonlinear optical properties due to their noncentrosymmetric zinc-blende (cubic) structure. The second-order nonlinear coefficients of GaAs
are much greater than those of widely used nonlinear ferroelectric crystals, such as lithium niobate (d 33 = 27 pm/V) and potassium titanium oxide phosphate (d 31 = 16.9 pm/V). The ability of III-V semiconductors to efficiently mediate energy exchange between the interacting light waves makes them very attractive for parametric frequency conversion [2, 3] ; terahertz generation [4] ; quantum optical applications [5] ; and ultrafast all-optical signal processing [6] . GaAs-based devices also benefit from the broad infrared transparency window of GaAs, which spans from 0.9 to 17 µm [1] , and are, therefore, important for military and sensing applications [7] . Moreover, combining the second-order nonlinear effects with the existing mature GaAs-based platform significantly facilitates the integration of laser sources with modulators, amplifiers and photonic bandgap structures inside all-on-chip optoelectronic devices. GaAs has a high quadratic nonlinearity, but lacks optical birefringence. As a result, phase matching, i.e. synchronisation of phases of the interacting waves to efficiently exchange energy, cannot be achieved by traditional birefringence-based techniques. Many different approaches have been proposed to overcome this limitation [8, 9] . The most effective one seems to be quasiphase matching (QPM) [10, 11] realised by periodic modulation of the second-order nonlinearity in orientation-patterned GaAs (OP-GaAs) crystals [3] . Spatial engineering of the orientation of an OP-GaAs crystal during its growth makes neighbouring regions have reversed crystallographic orientation and consequently the opposite sign of the second-order nonlinear coefficient χ (2) . It is noteworthy that different crystal orientations do not affect linear optical properties of the material.
So far, QPM in OP-GaAs has been employed to demonstrate a number of second-order nonlinear optical effects, including second harmonic generation (SHG) [2, 12] ; cascaded third harmonic generation [13] ; optical parametric amplification [14] ; mid-infrared continuum generation [15] ; and terahertz generation based on intracavity parametric down-conversion [16] .
All these applications, however, rely on collinear light interaction, during which the participating waves propagate in the direction along which the χ (2) nonlinearity is modulated, as shown in Fig. 1(a) . The periodic χ (2) modulation is required to ensure QPM of the interacting waves via the introduction of a set of reciprocal lattice vectors, G m . In the simplest case of collinear SHG, the QPM condition can be written as a scalar equation k 2 − 2k 1 − G m = 0, where k 1 = k 1 and k 2 = k 2 are the absolute values of the wave vectors of the fundamental and second harmonic (SH) waves, respectively. The absolute value of a reciprocal lattice vector G m = G m is given by G m = 2mπ/Λ, where Λ is the period of the χ (2) modulation and m is an integer.
Here, we demonstrate that second-order nonlinear interaction in orientation-patterned semiconductors can also be realised in a novel noncolinear (transverse) geometry. This phenomenon is analogous to the well-known linear diffraction of waves on a dielectric grating and is hence known as nonlinear diffraction (NLD) [17] [18] [19] [20] [21] . An example of NLD is a noncolinear SHG. In this scheme, the incident fundamental wave propagates in the direction normal to that along which the χ (2) nonlinearity is modulated, and a diffraction-like pattern of SH light is generated. As shown in Figs. 1(b)-1(d), three cases of noncolinear SHG can be distinguished. The first is Bragg SHG (BSHG) [17] , which satisfies the full vectorial QPM condition Fig. 1(b) ]. The other two cases can be described by a partial QPM condition
, where ∆ k L(T ) are the phase mismatches in the longitudinal and transverse directions, respectively. When ∆ k T = 0, the transverse QPM condition k 2 sin θ + G m = 0 (θ is the nonlinear diffraction angle) is satisfied and Raman-Nath SHG (R-NSHG) can be observed even with a longitudinal phase mismatch ∆ k L [see Fig. 1(c) ]. In a similar way,Čerenkov SHG (CSHG) becomes observable when the longitudinal QPM condition is fulfilled, i.e. k 2 cos θ − 2k 1 = 0 [see Fig. 1 
Such noncollinear interactions are of great interest because of their potential applications in all-optical signal processing. Firstly, they enable the generated wave to be emitted in a desired spatial direction, thus eliminating the necessity of filtering out the incident wave. Moreover, by combining different periodic structures it is possible to take advantage of different phase matching conditions responsible for different processes and realise, for instance, multiple frequency generation [22] , higher order effects, such as third or fourth harmonic generation, as a result of cascading two lower order processes [23] . Furthermore, such transverse emission allows for the control of the transverse spatial distribution of the generated waves. For example, second harmonic generation in a form of Bessel or Airy beams have been demonstrated experimentally by illuminating a nonlinear crystal with a fundamental Gaussian beam [19, 24] . Transverse frequency conversion has been also shown to be a convenient method to create entangled photons [25] .
Moreover, as we demonstrate below the CSHG also occurs at a single boundary between oppositely oriented regions of OP-GaAs, which is similar to what occurs on the boundaries of ferroelectric domains [26] [27] [28] . This effect enables three-dimensional (3D) visualisation of domain structure of the orientation-patterned semiconductors. Unlike traditional diagnostic techniques based on scanning electron microscopy or optical microscopy, which require cutting, polishing and etching of the samples, theČerenkov-based technique is unique as it is nondestructive and enables one to characterise the QPM structure everywhere in the bulk of the sample.
Experiment and results

The orientation-patterned GaAs sample
We used an OP-GaAs crystal grown by Hydride Vapour Phase Epitaxy (HVPE) [29, 30] , the method of choice for achieving fast growth rates with excellent selectivity so as to produce thick OP-GaAs structures for QPM frequency conversions. The epitaxial growth on orientationpatterned semiconductor crystals requires templates with modulated crystalline orientation, which constitute the seeds for the epitaxial regrowth. In a compound III-V semiconductor with the zinc-blende structure, such as GaAs, the reverse orientation is produced by exchanging atoms between the two sublattices, i.e. Ga and As, which is equivalent to a reversal of the III-V bond stacking. The first stage of the sample fabrication is the template preparation. The second stage of the fabrication consists of the regrowth on the OP-GaAs template to obtain a thick OP-GaAs crystal required for bulk optical pumping. In order to optimise QPM the crystallographic orientations must be preserved all along the growth process and the duty cycle of the structure must be kept equal to that defined on the template. Atmospheric pressure HVPE [31] allows one to grow hundreds of micrometres of a high quality GaAs layer. The HVPE growth is mainly limited by the adsorption of the gaseous molecules onto the surface, decomposition of the adspecies and desorption processes. HVPE growth is highly orientation- selective as it depends on the intrinsic growth anisotropy of the crystal, which can be controlled by the growth temperature and the precursor gas composition [32] .
An optical microscopy image of a chemically etched surface of the OP-GaAs crystal used in our studies is shown in Fig. 2 . A periodic modulation of the crystal orientation with a period Λ = 64 µm and a 50% duty cycle is clearly visible. The thicknesses of the template and OP-GaAs layer were 300 µm and 500 µm, respectively. Before the nonlinear diffraction experiment, both top and bottom surfaces of the OP-GaAs crystal have been polished in order to avoid any effects from linear diffractions.
Nonlinear diffraction from multiple domains in OP-GaAs
The experimental setup is shown in Fig. 3(a) . As a light source we used an infrared (IR) femtosecond optical parametric amplifier (OPA) delivering 320 fs, 10 nJ pulses at a 21 MHz repetition rate. The central wavelength of the pulses was tunable from 2.9 to 4.0 µm [33]. The OP-GaAs sample was illuminated along the domain walls separating regions with positive and negative χ (2) with loosely focused pulses from the OPA. The focal spot inside the sample was approximately 300 µm in diameter and was large enough to cover 10 domain walls. The emitted SH signal was projected onto a ground silicon wafer which acted as a scattering screen and visualised with an InGaAs camera.
During the NLD experiment we tuned the fundamental wavelength λ from 3.1 to 3.3 µm and recorded a NLD pattern at each wavelength. On the screen in Fig. 3(a) we show a NLD pattern produced at a fundamental wavelength of 3.3 µm, which is representative of the whole frequency range investigated. The pattern consisted of (i) central diffraction spots, grouped around the fundamental beam position, and (ii) peripheral diffraction spots, located relatively far away from the central spots on both sides of the diffraction pattern (left and right spots on the screen in Fig. 3(a) ). The central diffraction spots included a collinear SH spot, which was observable only when the fundamental wave was focused at the OP-GaAs surface, and a pair of NLD spots, which were symmetric with respect to the collinear spot. The measured external diffraction angle of the two NLD spots was ±1.5 • . Figure 3(b) shows the normalised intensity of the peripheral NLD spots as a function of the fundamental wavelength λ and diffraction angle θ .
To explain the NLD pattern, we consider the intensity of SHG from a periodic χ (2) structure, which can be written as [34, 35] :
where I ω is the intensity of the fundamental beam inside the material and S L(T ) are functions describing the longitudinal and transverse QPM conditions, respectively. The longitudinal QPM condition is satisfied when the function S L = sinc z (k 2 cos θ ) 2 − (2k 1 ) 2 /2 approaches its maximum. In the above expressions, sinc (x) = sin (x)/x and z is the interaction length. The SHG angle inside the sample satisfying this QPM condition is theČerenkov angle θ C :
where n 1 and n 2 are the refractive indices of the medium at the fundamental and SH wavelengths, respectively. As in the previous case, the transverse QPM condition is defined by the maximum of the function S T = ∑ m=0,±1,±2,... Using Eq. (3) we calculated θ RN, 1 = 1.5 • for the first order of nonlinear R-NSHG outside the OP-GaAs with a period Λ = 64 µm, in agreement with the measured diffraction angle of the pair of SH spots in the central group. The refractive index of GaAs was calculated using the Sellmeier formula [36] . The intensities of the peripheral SH spots were calculated using Eq. (1) and in Fig. 3(c) the intensity of the peripheral diffraction spot I 2ω (λ , θ ) is presented as a function of the fundamental wavelength and diffraction angle outside the sample. In Figs. 3(b) and 3(c) , the theoretical plots of the wavelength dependance of theČerenkov angle θ C (dashed lines) and Raman-Nath angles θ RN, m (solid lines) outside the sample are produced using Eqs. (2) and (3), respectively.
It can be seen that the experimental results are in good agreement with the calculations. Importantly, the SH intensity gets much stronger when theČerenkov angle θ C becomes equal to a certain order of Raman-Nath angle θ RN, m . In fact, this is exactly the case of BSHG, when both the longitudinal and transverse QPM conditions are satisfied simultaneously. It can also be seen that the odd orders (m = 23, 25) of nonlinear diffraction are much more pronounced than the even order (m = 24). This is the direct consequence of an almost 50% duty cycle of the χ (2) nonlinearity modulation, in which the regions with positive and negative nonlinear response have almost equal lengths [19, 34, 35 ].
2.3.Čerenkov SH emission from a single domain wall in OP-GaAs
Here, we investigate SHG in OP-GaAs induced by a tightly focused fundamental beam, i.e. the beam whose width is much smaller than the period of the χ (2) nonlinearity modulation. In this situation, the fundamental beam illuminates either a homogeneous region of the sample or the wall separating oppositely oriented domains. As we have shown recently [37] , in this geometry only theČerenkov SH signal is generated, which occurs when the fundamental beam illuminates a domain wall. No R-NSHG can be observed as it requires the participation of multiple grating periods.
The experimental setup is shown in Fig. 4(a) . The sample was mounted on a XYZ-translation stage and could be scanned with a 60 nm resolution. We used the same OPA source as in Section 2.2. The fundamental beam (λ = 3.5 µm) was chopped at 1 kHz and focused inside the sample using a molded chalcogenide lens with an effective NA = 0.3. The SH signal was collected with an IR-corrected objective with NA = 0.65. A spatial filter was used to block the surface-induced collinear SHG to ensure that only theČerenkov SH signal was focused onto the InGaAs photodiode and processed using a lock-in amplifier. In this configuration we measured the CSHG intensity as a function of the focal spot position inside the sample. Scanning at a constant velocity proceeded first along the X direction. The lock-in signal from the detector was triggered by the stage controller to synchronise the data acquisition process with the motion of the stage. In this way, we could achieve a 0.5 µm resolution along the X axis. Scans along the Y and Z axes were performed at 2 and 20 µm resolution, respectively.
The resolution of the domain wall image is determined by both the resolution of the scanning system and the size of the OPA focus inside the sample. The focal radius w 0 of an incoming fundamental beam with a Gaussian intensity profile is given by w 0 = λ /πNA and in our case is estimated at 3.7 µm in the lateral, i.e. XY, plane. In the longitudinal, i.e. Z, direction the size of the focus is determined by the Rayleigh length z R = (πn 1 w 2 0 )/λ ≈ 41 µm. In addition, the resolution is also affected by spherical aberration caused by the high refractive index mismatch between the ambient air and the GaAs sample at both the fundamental and SH wavelengths. Figure 4 (b) shows a two-dimensional intensity pattern of theČerenkov SH signal in the XZ plane. The colour change from blue to red reflects variation of theČerenkov SH intensity from low to high. It can be seen that CSHG is very sensitive to the position of the focal spot with respect to the domain walls. The maxima of the SH signal coincide with the locations of the domain walls in the OP-GaAs sample.
In Fig. 4(c) , we plot a typical CSHG intensity profile along the X axis. The separation between the maxima is 32 µm, which is half of the χ (2) nonlinearity modulation period Λ. This result confirms the 50% duty cycle. Figure 4 (d) displays the CSHG intensity profile in the whole scanned region along the Z direction. One can see that the strength of the CSHG remains almost constant inside the sample and decreases gradually at the ends of the sample. This is because the effective interaction length decreases when the focus of the fundamental beam moves out of the sample.
Three-dimensional visualisation of orientation-patterned GaAs
The sensitivity of CSHG to the presence of domain walls can be used to provide a contrast in scanning microscopy to visualise the domain structure of OP-GaAs in 3D. It should be stressed that, the demonstrated CSHG-based scanning microscopy technique is totally non-destructive as it does not require any cutting or etching to reveal the bulk domain structure. In Fig. 5 , we present a 3D image of the domain pattern inside the OP-GaAs sample. The image was created by stacking a number of XY scans recorded at different depths Z. The box in the Fig. 5 represents the whole scanning volume 200x200x600 µm 3 . It is clear that our CSHG-based microscopy technique allows us to not only reveal the nonlinear grating parameters such as the period and duty cycle, but also to determine the quality of orientation patterning in the bulk of a sample. For example, in Fig. 5 we show that the domain structure is nonuniform in the scanned region. In particular, the effect of merging of two neighbouring domains, which were initially separated, is evident. 
Conclusions
We have presented the nonlinear diffraction in a OP-GaAs crystal. In particular, we have shown nonlinear Raman-Nath andČerenkov second harmonic emission from a periodically modulated χ (2) nonlinearity. We explain this effect by employing the concepts of longitudinal and transverse quasi-phase matching and show that the intensity of nonlinear diffraction is maximum, i.e. Bragg second harmonic generation, when these two conditions are satisfied simultaneously. We have also shown thatČerenkov second harmonic emission in the sample can be used to visualise the 3D structure of the χ (2) nonlinearity modulation. Unlike traditional characterisation methods based on scanning electron microscopy or optical microscopy, which require cutting, polishing and etching of the samples, our technique is nondestructive and enables one to visualise the QPM structure everywhere in the bulk of the sample. This constitutes a unique nondestructive diagnostic tool for characterisation of orientation-patterned semiconductors and, potentially, any variations of the second-order nonlinearities in semiconducting materials.
